Chhabra KH, Xia H, Pedersen KB, Speth RC, Lazartigues E. Pancreatic angiotensin-converting enzyme 2 improves glycemia in angiotensin II-infused mice. Am J Physiol Endocrinol Metab 304: E874-E884, 2013. First published March 5, 2013; doi:10.1152/ajpendo.00490.2012.-An overactive renin-angiotensin system (RAS) is known to contribute to type 2 diabetes mellitus (T2DM). Although ACE2 overexpression has been shown to be protective against the overactive RAS, a role for pancreatic ACE2, particularly in the islets of Langerhans, in regulating glycemia in response to elevated angiotensin II (Ang II) levels remains to be elucidated. This study examined the role of endogenous pancreatic ACE2 and the impact of elevated Ang II levels on the enzyme's ability to alleviate hyperglycemia in an Ang II infusion mouse model. Male C57bl/6J mice were infused with Ang II or saline for a period of 14 days. On the 7th day of infusion, either an adenovirus encoding human ACE2 (Ad-hACE2) or a control adenovirus (Ad-eGFP) was injected into the mouse pancreas. After an additional 7-8 days, glycemia and plasma insulin levels as well as RAS components expression and oxidative stress were assessed. Ang II-infused mice exhibited hyperglycemia, hyperinsulinemia, and impaired glucose-stimulated insulin secretion from pancreatic islets compared with control mice. This phenotype was associated with decreased ACE2 expression and activity, increased Ang II type 1 receptor (AT1R) expression, and increased oxidative stress in the mouse pancreas. Ad-hACE2 treatment restored pancreatic ACE2 expression and compensatory activity against Ang II-mediated impaired glycemia, thus improving ␤-cell function. Our data suggest that decreased pancreatic ACE2 is a link between overactive RAS and impaired glycemia in T2DM. Moreover, maintenance of a normal endogenous ACE2 compensatory activity in the pancreas appears critical to avoid ␤-cell dysfunction, supporting a therapeutic potential for ACE2 in controlling diabetes resulting from an overactive RAS.
ANGIOTENSIN II (Ang II), a key component of the renin-angiotensin system (RAS), plays a pivotal role in mediating insulin resistance (15, 16, 18, 33) and impaired glucose tolerance (27) , thereby contributing to the development of type 2 diabetes mellitus (T2DM). Several clinical trials have explored the benefits of RAS blockade in controlling T2DM. A recent meta-analysis by Tocci et al. (41) showed that angiotensinconverting enzyme (ACE) inhibitors or Ang II type 1 receptor (AT 1 R) blockers reduce the risk for new-onset T2DM in individuals with hypertension or an elevated risk for cardiovascular events. In light of these beneficial effects, agents that counteract or block the RAS may have a potential for treatment of T2DM. ACE2 is a carboxypeptidase that converts Ang II to Ang-(1-7), whose signaling opposes that of Ang II. ACE2 thus provides a compensatory mechanism to counter the detrimental effects resulting from an overactive RAS (13, 14, 43) . ACE2 plays a significant role in glucose homeostasis. ACE2-knockout mice exhibit impaired glucose tolerance and insulin resistance compared with age-matched wild-type littermates (4, 28) . In addition, recently, our laboratory has demonstrated the beneficial effects of ACE2 gene therapy on glucose regulation and ␤-cell function in diabetic db/db mice (3), a genetic model of obesity-induced diabetes. Interestingly, upregulation of classic components of the RAS (e.g., ACE and AT 1 R) has been reported in animal models of T2DM (11, 40) . These findings suggest a significant role for the RAS components in regulating glucose homeostasis. However, the importance of pancreatic ACE2, especially in the islet of Langerhans during Ang IImediated hyperglycemia, remains to be elucidated. Therefore, the goals of this study were to assess 1) the impact of RAS overactivity on local ACE2 in the pancreas, 2) whether modulation of ACE2 expression in the pancreas is linked to the development of hyperglycemia, and 3) whether normalization of ACE2 expression and/or activity in the pancreas could attenuate the development of T2DM. We further aimed at identifying some of the mechanisms by which ACE2 exerts its benefits in an Ang II-induced hyperglycemia mouse model. Because of their association with T2DM and/or the RAS, we focused on the expression of AT 1 R (11), oxidative stress (reactive oxygen species and gp91 phox ) (20, 26, 32) , and blood flow in the pancreas (6, 7) and/or islets. We hypothesized that RAS overactivity diminishes pancreatic ACE2 expression and/or activity, leading to hyperglycemia, and that restoration of pancreatic ACE2 levels by adenovirus encoding human ACE2 (Ad-hACE2) therapy attenuates Ang II-mediated hyperglycemia.
RESEARCH DESIGN AND METHODS
Ang II infusion model. Mice were housed in a temperature-and humidity-controlled facility under a 12:12-h dark-light cycle. All mice were fed standard mouse chow and water ad libitum. Male C57bl/6J mice (8 -10 wk old) were anesthetized with isoflurane (2%) in an oxygen flow (1 l/min) and placed on a heating pad to maintain body temperature. An incision was made in the skin in the peritoneal region, and a small pocket was formed subcutaneously using a hemostat. Osmotic pumps (model 2002; Alzet, Cupertino, CA) filled with Ang-II (200 ng·kg Ϫ1 ·min Ϫ1 ) or vehicle (saline) were inserted into the pocket, and the incision was closed with sutures. After 7 days of Ang II infusion (Fig. 1A) , a subset of mice was injected with Ad-hACE2 (5 ϫ 10 7 plaque-forming units; n ϭ 8) (14) in a total volume of 100 l of 0.9% saline, whereas others were injected with a control adenovirus expressing enhanced green fluorescent protein (Ad-eGFP; 5 ϫ 10 7 plaque-forming units; n ϭ 8) in the pancreas as described (3) .
A separate group of mice (n ϭ 12) was implanted with blood pressure (BP) telemetry probes, as described previously (5) . Following recovery, BP was measured continuously for 1 h at baseline and after 7 and 14 days of Ang II infusion. On the 15th day, after measurement of physiological parameters, all animals were euthanized and blood and pancreata collected. All procedures were performed according to the National Institutes of Heath guidelines and approved by the Institutional Animal Care and Use Committee at the Louisiana State University Health Sciences Center (protocol no. 2666).
Glucose, insulin, C-peptide, and Ang II measurements. Following overnight fasting (12-15 h), the mouse tail vein was pricked and blood glucose concentration measured using a glucometer (TRUEtrack, Ft. Lauderdale, FL). This measurement was considered fasting blood glucose (FBG) level or a 0-min blood glucose level. For glucose tolerance test a 2 g/kg glucose solution in 0.9% saline was then injected intraperitoneally, and blood glucose concentrations were measured at 15, 30, 60, and 120 min postinjection. For the insulin tolerance test, mice were fasted for 4 h and weighed, and insulin (0.75 U/kg, Humulin R; Eli Lilly) was injected intraperitoneally. Blood was sampled from the tail vein, and glucose was measured before and at 5, 10, 20, 60, and 120 min postinjection, as described above. Plasma insulin was measured by ELISA (90080; Crystal Chem) according to the manufacturer's protocol. The homeostatic model assessment of insulin resistance (HOMA-IR) was calculated using the following formula: fasting blood glucose (mmol/l) ϫ fasting plasma insulin (mU/l)/22.5 (8) . For C-peptide and Ang II levels blood was collected on the 15th day of Ang II infusion, and the serum C-peptide and plasma Ang II concentrations were measured by ELISA [80-CPTMS-E01 (ALPCO Diagnostics) and FEK-002-12 (Phoenix Pharmaceuticals)].
Glucose-stimulated insulin secretion. Following euthanasia on the 15th day of the experiment, a midline incision was made and the bile duct exposed. The pancreata were distended by injecting 2 ml of Liberase TL (Roche 05401020001, 1.3 Wünsch units/ml in RPMI 1640 medium) via the bile duct, and the remaining procedure was carried out as reported previously (48) . The pancreata, placed in 50-ml conical tubes, were incubated for 14 min at 37°C in a water bath for digestion. Following digestion, the islets were separated from exocrine tissue under a dissecting microscope and hand picked using transfer pipettes. The purified islets were transferred to a petri dish containing RPMI 1640 medium with L-glutamine (20 mM), penicillin (100 U/ml), streptomycin (100 g/ml), and FBS (10%). After 48 h of incubation in 5% CO2 incubator at 37°C, the islets were processed for a glucose-stimulated insulin secretion (GSIS) test. The islets (n ϭ 20/Eppendorf tube) were preincubated in 2.8 mM glucose-KRBH solution (115 mM NaCl, 5 mM KCl, 24 mM NaHCO3, 2.5 mM CaCl2, 1 mM MgCl 2, 10 mM HEPES, and 2% wt/vol BSA, pH 7.4) for 30 min at 37°C. The KRBH solution was then discarded, and the islets were incubated in KRBH solution containing different concentrations of glucose (2.8, 11.1, and 25.0 mM) for 1 h at 37°C. After incubation, the solution was collected and stored at Ϫ80°C for insulin assay.
ACE2 activity. ACE2 activity was measured by an assay optimized in our laboratory (29) . Ten micrograms of protein from the pancreatic extracts was used for the assay. ). B-D: fasting blood glucose (FBG) level (B), glucose tolerance (C), and the corresponding area under the curve (AUC; D) were measured after 7 days of infusion. Statistical significance: *P Ͻ 0.05 and ***P Ͻ 0.001 vs. saline using unpaired 1-tailed t-test (B and D) and repeated-measures ANOVA, followed by Bonferroni's posttest (C). BW, body weight; GTT, glucose tolerance test; ITT, insulin tolerance test; BP, blood pressure; ACE2, angiotensin-converting enzyme 2; ROS, reactive oxygen species; FPI, fasting plasma insulin.
CA) was used to measure the fluorescence emitted at 405 nm after excitation at 320 nm.
Measurement of blood flow to the pancreas. Mice were anesthetized using isoflurane (2%) in an oxygen flow (1 l/min) chamber, and then carotid and femoral arteries were cannulated. Fluorescent microspheres (ϳ250,000/injection, F8836; FluoSpheres, Molecular Probes), supplied as a suspension in 10 ml of 0.15 M NaCl with 0.05% Tween-20 and 0.02% thimerosal at a concentration of 3.6 ϫ 106 microspheres/ml, were injected into the ascending aorta via the left carotid catheter for 20 s. Blood samples were withdrawn from the left femoral artery catheter beginning 20 s before microsphere infusion and continuing for 60 s at a rate of 0.15 ml/min. Saline was infused at 0.15 ml/min immediately after microsphere infusion to replace blood loss. Five minutes after microsphere injection, the mice were euthanized and the pancreata harvested and digested in ϳ8 ml of ethanolic KOH at 50°C in 15-ml polypropylene tubes. The remaining sediment and microspheres were collected by centrifugation at 2,000 g for 10 min and washed with PBS twice prior to extraction of the fluorescent dye with xylene. The reference blood sample was processed and microsphere content determined as described for the pancreata samples. Blood flow to the pancreas was calculated according to the following equation F i ϭ (Ii)(R)/Iref, where Fi is the flow to the pancreas (ml/min), Ii is the fluorescence intensity in the pancreas sample, Iref is the fluorescence intensity in the reference blood sample, and R is the reference blood sample withdrawal rate (0.15 ml/min). Fluorescence intensity was measured on a fluorescent plate reader at an excitation of 540 nm and an emission of 560 nm.
Radioligand-binding assay. Pancreatic AT 1R expression was evaluated by radioligand-binding assays of specific 125 I-sarcosine 1 , isoleucine 8 Ang-II ( 125 I-SI-Ang-II) binding (36) . Frozen pancreata were weighed and homogenized in 25 ml of hypotonic (20 mM sodium phosphate) buffer, pH 7.2. The membranes were precipitated by centrifugation at 48,000 g for 20 min at 4°C. The membranes were resuspended in 25 ml of assay buffer (150 mM NaCl, 5 mM EDTA, 0.1 mM bacitracin, 0.1 mM phenylmethylsulfonyl fluoride, 0.1 mM o-phenanthroline, and 50 mM sodium phosphate), pH 7.2. The membranes were again precipitated by centrifugation at 48,000 g for 20 min at 4°C. The membranes were resuspended in 1.4 ml of assay buffer, with the addition of the AT 2R antagonist PD-123319 (10 M) by homogenization. Membrane homogenate (50 l) was added to tubes containing 125 I-SI Ang-II at six concentrations ranging from 0.2 to 4 nM in quadruplicate. One-half of the tubes contained Ang II at a final concentration of 10 M in a final assay volume of 100 l. The tubes were incubated for 1 h at ambient temperature. The bound 125 I-SI-Ang-II was separated from unbound 125 I-SI-Ang II by filtration on GF/B filters (Brandel, Gaithersburg, MD) using a Brandel cell harvester. The filters were quickly rinsed three times with 50 mM sodium potassium phosphate buffer, pH 7.4, applied to the incubation tubes. Bound 125 I-SI-Ang-II was determined by ␥-scintillation counting of the filters in 12 ϫ 75-mm glass culture tubes using a Packard Cobra II ␥-counter at 70% efficiency.
Western blotting and dihydroethidium (DHE) staining for the pancreata were performed as described previously (6, 44) . Immunohistochemistry was performed as reported earlier (14) Statistics. Data are presented as means Ϯ SE. Unless otherwise stated, data were analyzed by Student's t-test, one-way ANOVA followed by Tukey's post hoc test for multiple comparisons between means, or repeated-measures ANOVA followed by Bonferroni's post hoc test for multiple comparisons, as appropriate, using Prism 5 (GraphPad Software, San Diego, CA). Differences were considered statistically significant at P Ͻ 0.05.
RESULTS

Ang II infusion impairs glycemia and reduces endogenous ACE2 in the pancreas.
Although an overactive systemic RAS has been suggested to impair glucose and insulin homeostasis, the development of T2DM as a result of increased Ang II remains to be characterized. We hypothesized that a chronic increase in plasma Ang II levels would contribute to hyperglycemia and impair glucose tolerance in mice.
To test our hypothesis, we infused mice with 0.9% saline or a subpressor dose of Ang II (200 ng·kg
) and monitored hemodynamic and metabolic parameters (Fig. 1A ). This Ang II dose caused only a minor increase in blood pressure after infusion for 7 days and did not produce a significant increase after 2 wk compared with saline-infused mice (Table 1) , P Ͻ 0.05) compared with saline-infused mice (Fig. 1, B-D) . Moreover, the effect of Ang II on FBG was even more pronounced after 14 days of infusion (Fig. 3A) , suggesting that elevated Ang II levels can lead to impaired blood glucose homeostasis.
Importantly, infusion of Ang II was shown to result in a dramatic reduction of ACE2 protein expression (Fig. 2, A and C) in the islets and the pancreas. In addition, elevated Ang II Values are means Ϯ SE. Ang II, angiotensin II; Ad-eGFP, control adenovirus expressing enhanced green fluorescent protein; Ad-hACE2, an adenovirus encoding human angiotensin-converting enzyme 2; MAP, mean arterial pressure. Physiological parameters were determined for the no. of mice indicated in parentheses. One-way ANOVA for blood flow measurement showed a significant difference (P ϭ 0.047) between the means of the 3 groups.
a P Ͻ 0.05 for a post hoc contrast between the mean for the saline group and the mean for all the Ang II-treated mice. For plasma Ang II, Bartlett's test of homogeneity of variance showed that the 3 groups had unequal variances (P Ͻ 0.001).
b All individual values are above the 99.9% confidence interval of the Ang II parameter for the saline group. **P Ͻ 0.01 vs. saline using unpaired t-test.
resulted in a significant decrease in pancreatic ACE2 activity (75.5 Ϯ 4.3 vs. 176.9 Ϯ 8.6 FU·min Ϫ1 ·g Ϫ1 protein, P Ͻ 0.05; Fig. 2D ), suggesting a link between reduced ACE2 in the pancreas and impaired glycemic control.
To assess this relationship, on the 7th day of Ang II infusion, mice were injected with either intrapancreatic Ad-hACE2 or Ad-eGFP. The success of Ad-hACE2 injections was confirmed by the detection of hACE2 in the islets (Fig. 2B, right) , using an antibody (LS-B3197; LifeSpan Biosciences) that does not cross-react with mouse ACE2 (mACE2; Fig. 2B, left) . Ad-hACE2 treatment completely abolished the decrease in ACE2 expression in the islets ( Fig. 2. Elevated Ang II downregulates ACE2 expression in the islets and reduces pancreatic ACE2 activity. A: mice treated with Ang II and the control adenovirus (Ad-eGFP) show a reduced mouse ACE2 (mACE2) expression, whereas intrapancreatic Ad-hACE2 injection restored the total amount of ACE2 in the islets. B: Ad-hACE2 was successfully delivered to the islets, as confirmed with hACE2 antibody that does not detect mACE2 (left) but does detect hACE2 (right). C: pancreatic ACE2 protein expression, determined by Western blot, confirmed both ACE2 protein reduction in Ang II-infused mice and rescue in the Ad-hACE2-treated group. D: pancreatic ACE2 activity was reduced by Ang II exposure and normalized following Ad-hACE2 treatment. Quantification for Western blot was performed from 3 blots and a total of 7 individual samples in each group. Statistical significance: *P Ͻ 0.05 and **P Ͻ 0.01 vs. saline; #P Ͻ 0.05 vs. Ang II ϩ Ad-eGFP using 1-way ANOVA, followed by Tukey's multiple comparison test. The contrast for red channel (insulin staining) was enhanced using Adobe Photoshop 7.0 for digital quality purpose only. PC, positive control. No 1°Ab, no primary antibody. 2A) and pancreas (Fig. 2C) of Ang II-infused mice. Moreover, ACE2 activity in the pancreata was significantly higher (226.4 Ϯ 38.9 FU·min Ϫ1 ·g Ϫ1 protein; Fig. 2D ) than in Ang II-infused Ad-eGFP-injected mice, confirming that Ad-hACE2 treatment restored both ACE2 expression and activity in Ang II-treated mice.
Interestingly, after 14 days of infusion, when plasma Ang II levels were significantly elevated (Table 1) , the FBG level (Fig. 3A) was significantly lower in mice treated with the hACE2-encoding adenovirus compared with those treated with the control virus (167.8 Ϯ 4.5 vs. 212.3 Ϯ 11.6 mg/dl, P Ͻ 0.05). Moreover, treatment with Ad-hACE2 led to a significant improvement in glucose tolerance (Fig. 3, B and C , P Ͻ 0.05). Body weight was not significantly affected by either Ang II infusion or virus injection during the course of the study (Table 1) . These data highlight the critical role of pancreatic ACE2 in the maintenance of glycemic control in Ang II-infused mice. Saline-infused mice were not treated with Ad-hACE2, as it has been previously reported by our group (3, 37) that this treatment does not affect the physiological parameters in healthy rodents.
Restoration of pancreatic ACE2 levels counteracts Ang II-mediated defects in insulin sensitivity and ␤-cell function. As illustrated in saline-infused mice, increasing concentrations of glucose produced dose-dependent increase in insulin secretion (Fig. 4A) . However, islets isolated from Ad-eGFP-treated, Ang II-infused mice secreted significantly higher insulin than Fig. 3 . Restoration of pancreatic ACE2 by Ad-hACE2 gene therapy attenuates hyperglycemia. Seven days after pancreatic injection of Ad-hACE2 (n ϭ 8) or the control adenovirus Ad-eGFP (n ϭ 8), FBG level (A), glucose tolerance (B), and the corresponding AUC (C) were determined in saline and Ang II-infused mice. Statistical significance: ***P Ͻ 0.001 vs. saline; #P Ͻ 0.05 vs. Ang-II ϩ Ad-eGFP using 1-way ANOVA, followed by Tukey's multiple comparison test. Fig. 4 . Ad-hACE2 gene therapy corrects insulin secretion and sensitivity in Ang II-infused mice. A-F: 7 days after pancreatic injection of Ad-hACE2 (n ϭ 8) or the control adenovirus Ad-eGFP (n ϭ 8), GSIS (20 islets/mouse; n ϭ 3) (A), fasting plasma insulin level (B), C-peptide levels (C), the homeostasis model assessment-estimated insulin resistance (HOMA-IR; D), insulin tolerance (E), and the corresponding AUC (F) were determined in saline and Ang II-infused mice. G: Ad-hACE2 treatment restored GSIS in Ang II-exposed mouse islets (20 islets/mouse; n ϭ 3). Statistical significance: *P Ͻ 0.05 vs. saline; #P Ͻ 0.05 vs. Ang-II ϩ Ad-eGFP using 1-way ANOVA, followed by Tukey's multiple comparison test (B, C, D, and F), and repeated-measures ANOVA, followed by Bonferroni's posthoc test (E). For GSIS (A and G): * and #P Ͻ 0.05 vs. 2.8 mM glucose or Ang II ϩ Ad-eGFP; @P Ͻ 0.05 vs. saline; $P Ͻ 0.05 vs. Ang-II ϩ Ad-eGFP using 2-way ANOVA, followed by Bonferroni's post hoc test.
those from control mice at low glucose concentrations (2.8 mM glucose: 0.7 Ϯ 0.1 vs. 0.5 Ϯ 0.03 and 0.4 Ϯ 0.04 ng insulin·islet Ϫ1 ·h Ϫ1 , respectively, P Ͻ 0.05). In addition, the islets harvested from Ad-eGFP-treated Ang-II-infused mice did not show any significant increase in insulin secretion following stimulation with increased glucose concentrations (Fig. 4A) , as observed in the islets isolated from control mice. Conversely, Ad-hACE2 treatment restored GSIS in the islets isolated from Ang II-infused mice. These observations suggest that chronically elevated Ang II mediates ␤-cell dysfunction, leading to impaired insulin secretion, whereas ACE2 expression prevents the deteriorating effects of Ang II and corrects impaired insulin secretion in the islets isolated from AdhACE2-treated, Ang II-infused mice.
After 2 wk of infusion, fasting plasma insulin levels showed a significant, approximately twofold increase (Fig. 4B) in Ang II-infused Ad-eGFP-injected mice compared with saline-infused animals (0.9 Ϯ 0.2 vs. 0.4 Ϯ 0.1 ng/ml, respectively, P Ͻ 0.05). Treatment of Ang II-infused mice with Ad-hACE2 significantly reduced fasting plasma insulin (0.4 Ϯ 0.1 ng/ml, P Ͻ 0.05) back to control levels. To determine whether Ang II-infused mice exhibit hyperinsulinemia as a result of increased insulin secretion or insulin resistance, we determined the serum C-peptide levels, an index of insulin secretion (Fig.  4C) . Ad-eGFP-injected Ang II-infused mice showed significantly higher serum C-peptide levels (5.7 Ϯ 0.6 vs. 2.5 Ϯ 0.2 ng/ml, P Ͻ 0.05) compared with the saline-infused group. On the other hand, serum C-peptide levels were significantly decreased in Ad-hACE2-treated, Ang-II-infused mice (2.9 Ϯ 0.2 ng/ml), suggesting that ACE2 can reverse Ang II-induced impaired insulin secretion in mice. However, insulin resistance was also elevated, as evidenced by the observation of increased HOMA-IR in Ad-eGFP-treated, Ang-II-infused mice compared with saline-treated animals (6.1 Ϯ 0.8 vs. 3.0 Ϯ 0.5 mmol·l Ϫ1 ·mU Ϫ1 ·l Ϫ1 , respectively, P Ͻ 0.05), and hACE2 expression to the pancreas significantly returned HOMA-IR to control levels (3.2 Ϯ 0.8 mmol·l Ϫ1 ·mU Ϫ1 ·l Ϫ1 ; Fig. 4D ). In addition, Ad-eGFP-treated, Ang-II-infused mice exhibited impaired insulin sensitivity (Fig. 4E ) at 10 and 20 min postinsulin injection, as evidenced by higher blood glucose levels at those time points compared with saline-infused mice. The mean AUC for the Ang II-infused mice treated with Ad-eGFP was 24 and 23% higher than the saline group and the Ang II ϩ Ad-hACE2 group, respectively (Fig. 4F) , although the differences between the groups did not reach statistical significance. Altogether, these data show that hyperinsulinema in Ang II-infused mice resulted from both elevated insulin secretion and insulin resistance, and these effects were reversed by ACE2 gene therapy.
To test the direct effect of Ang II and hACE2 therapy on mouse islets in vitro, we exposed the Ad-eGFP/Ad-hACE2-transduced islets to Ang II (100 nM) for 24 h. Ang II exposure significantly reduced GSIS at 25 mM glucose concentration compared with control (1.8 Ϯ 0.1 vs. 3 Ϯ 0.2 ng·islet Ϫ1 ·h Ϫ1 , P Ͻ 0.05; Fig. 4G ), and hACE2 treatment attenuated the Ang II-mediated reduction of GSIS (2.6 Ϯ 0.1 ng·islet Ϫ1 ·h Ϫ1 ). Overall, the data indicate that the delivery of a hACE2-encoding adenovirus to the pancreas reverses both impaired insulin secretion and insulin resistance caused by Ang II infusion. Moreover, Ang II-impaired GSIS is corrected by hACE2 therapy in the isolated mouse islets in vitro.
Potential mechanisms involved in the beneficial effects of pancreatic ACE2 expression.
To determine the mechanisms involved in the beneficial effects of ACE2, we investigated blood flow, AT 1 R expression, and oxidative stress in the pancreata and islets.
The blood flow to the pancreas has previously been suggested as a modulator of insulin secretion. Using a fluorescent microsphere technique, we observed that blood flow was reduced significantly (Table 1) in Ad-eGFP-injected, Ang IIinfused mice compared with saline-treated mice. However, Ad-hACE2-treated, Ang II-infused mice did not exhibit any improvement in blood flow, suggesting that pancreatic ACE2 gene therapy did not affect local blood flow in Ang II-infused mice.
As the main receptor mediating the effects of Ang II, expression of the AT 1 R was assessed in both islets and pancreas. Immunohistochemistry (Fig. 5, A and B) was used to probe AT 1 R expression in the different groups of mice. Ad-eGFPtreated, Ang II-infused mice showed a significant (2.5-fold) increase in AT 1 R expression in the islets compared with controls. The upregulation of AT 1 R in the islets of Ang IIinfused mice was attenuated by Ad-hACE2 treatment, suggesting a direct beneficial effect of ACE2 on the islets of Langerhans. Interestingly, we observed that AT 1 R expression was abundant in the nucleus, suggesting an involvement of the intracellular RAS in the islets of Ang II-infused mice. Moreover, Western blot for AT 1 R shows that pancreatic AT 1 R protein expression (Fig. 5C ) was increased significantly (ϩ67%) in Ang II-infused mice injected with Ad-eGFP compared with control mice, whereas there was no significant difference between Ad-hACE2-treated and saline groups. Therefore, ACE2 appears to have attenuated AT 1 R upregulation in Ang II-infused mice, although the difference between mice treated with Ad-eGFP and Ad-hACE2 did not reach statistical significance (P ϭ 0.07). Given the doubts raised about the specificity of the antibodies detecting AT 1 R in the recent report (2), we carried out radioligand-binding assay to further validate our observations regarding AT 1 R expression in the pancreas. Although the ANOVA did not reach significance, the binding assay showed a similar trend (P ϭ 0.07; Fig. 5D ) toward increasing AT 1 R in the pancreas of Ang II ϩ Ad-eGFP-treated mice. Using a Student t-test to compare the two groups of Ang II-treated mice, our data show a significant (P Ͻ 0.05) reduction of AT 1 R expression in Ad-hACE2-treated animals. Altogether, these data suggest that Ang II infusion leads to an increase in AT 1 R expression in the pancreas that could be reversed by Ad-hACE2 therapy.
To study the protective role of ACE2 against oxidative stress in the pancreas, pancreata sections were stained with DHE to estimate reactive oxygen species levels. The pancreata collected from Ad-eGFP-injected, Ang II-infused mice exhibited a significant 65% increase (Fig. 6, A and B) in DHE-staining intensity compared with pancreata from control mice. This increase was significantly blunted in Ad-hACE2-treated mice, suggesting that ACE2 delivery to the pancreas reduces pancreatic oxidative stress mediated by Ang II.
As the main subunit of the NAD(P)H oxidase, gp91 phox plays a critical role in the formation of reactive oxygen species and mediating oxidative stress in ␤-cells (20) . To further confirm the role of ACE2 in attenuating oxidative stress, gp91 phox expression was assessed by Western blotting. There was a significant 70% increase in pancreatic gp91 phox expression in Ad-eGFP-injected mice compared with controls (Fig.  6C) , and this was significantly attenuated in Ad-hACE2-treated mice, exhibiting only a modest 12% increase in gp91 phox expression compared with controls. To confirm the implication of oxidative stress in the regulation of glycemia, we determined the effect of tempol, a superoxide dismutase mimetic drug, on GSIS from the mouse islets. Indeed, tempol increased GSIS significantly at 25.0 mM glucose concentration from Ang II-exposed mouse islets compared with control (3.0 Ϯ 0.4 vs. 1.7 Ϯ 0.01 ng·islet Ϫ1 ·h Ϫ1 , P Ͻ 0.05; Fig. 6D ), underscoring the involvement of oxidative stress in controlling glycemia.
DISCUSSION
RAS overactivity affects glycemia and diabetes-related morbidity (10) . Over the last decade, the discovery of new RAS components such as ACE2 and the Mas receptor has prompted the recognition of a compensatory RAS (1, 12) in disease and health. Although a local pancreatic RAS has been identified (9, (22) (23) (24) and components such as Ang II, AT 1 R, and ACE2 have been reported in different cell types, including ␤-cells (3, 4, 22, 38, 47) , the role of pancreatic ACE2 in the face of RAS overactivity remains to be investigated. In the present study, we aimed to 1) address the impact of RAS overactivity on local ACE2 in the pancreas, 2) address whether modulation of ACE2 expression in the pancreas is linked to the development of hyperglycemia, 3) address whether normalization of ACE2 expression and/or activity in the pancreas could attenuate the development of T2DM, and 4) identify some of the mechanisms by which ACE2 could be beneficial in an Ang II-induced hyperglycemia mouse model.
Our data show that nonpressor Ang II levels lead to increased FBG, impaired glucose tolerance, hyperinsulinemia in mice, and impaired GSIS in isolated islets. These changes were 5 . Normalization of ACE2 in the islets attenuates Ang II-mediated increase in Ang II type 1 receptor (AT1R) expression. Seven days after pancreatic injection of Ad-hACE2 or the control Ad-eGFP, AT1R expression in the islets (A and B) and the pancreas (C and D) was determined by immunohistochemistry, Western blot, and radioligand-binding assay. The quantification for Western blot (graph below the blot in C) was performed from 2 blots that included 6 total individual samples in each group; n ϭ 4 mice/group, Ն3 sections/mouse and 3 islets/section, for immunohistochemistry. D: specific (10 M) Ang II displaceable binding of 125 I-sarcosine 1 ,isoleucine 8 Ang-II ( 125 I-SI-Ang II; 3-4 nM) to pancreatic membranes (n ϭ 5; P ϭ 0.07). Statistical significance: *P Ͻ 0.05 and **P Ͻ 0.01 vs. saline, using 1-way ANOVA, followed by Tukey's multiple comparison test; #P Ͻ 0.05 vs. Ang-II ϩ Ad-eGFP unpaired 1-tailed t-test. The contrast for red channel (insulin staining) was enhanced using Adobe Photoshop 7.0 for digital quality purpose only. associated with increased AT 1 R levels, decreased ACE2 expression and activity, and increased oxidative stress in the pancreas, all contributing to ␤-cell dysfunction. On the other hand, ACE2 gene therapy reduced hyperglycemia and plasma insulin levels, improved glucose tolerance, and restored GSIS in islets. These beneficial effects of ACE2 were mediated by a reduction in AT 1 R expression and oxidative stress in the pancreas and appear to be independent of any change in local pancreatic blood flow. Together, these data suggest that preservation of pancreatic ACE2 expression and activity is critical for the maintenance of glycemic control to oppose the development of T2DM.
Previously, we reported the beneficial effects of ACE2 gene therapy in improving glycemia and pancreatic ␤-cell function in 8-wk-old db/db mice, a genetic model for T2DM. These mice develop diabetes due to the absence of leptin receptors, which causes hyperphagia, obesity, hyperglycemia, hyperinsulinemia, and ultimately ␤-cell dysfunction. In the present study, we aimed to study the compensatory role of ACE2 in an overactive RAS model independently of any genetic defect or obesity. Ang II-infused rodent models have been utilized previously to study the effects of RAS overactivity on glycemia (25, 27, 35) . Mitsuishi et al. (27) reported impaired glucose tolerance and hyperinsulinemia following a 7-day infusion in mice. In our study, we extended the Ang II infusion to 14 days to determine the therapeutic potential of pancreas-targeted ACE2 gene therapy beyond the 7th day of infusion. Our data are consistent with previous findings (25, 27, 35) describing Ang II-mediated impairment of glucose tolerance and increased FBG levels. We extended these observations by showing that Ang II increases the expression of components thought to be detrimental to pancreatic and especially ␤-cell function, i.e., AT 1 R and the NAD(P)H oxidase main catalytic subunit gp91
phox , while at the same time reducing potential compen- phox expression. A: representative fluorescent (left) and brightfield images (right) of sections from mice pancreata are presented for each group. B: quantification was performed from 6 samples from different mice in saline and Ad-eGFP groups and 7 samples in the Ad-hACE2 group using Image J software. C: the quantification for gp91 phox was performed from 3 blots, which included a total of 9 individual samples in each treatment group. Statistical significance: ***P Ͻ 0.001 vs. saline; #P Ͻ 0.01 vs. Ang-II ϩ Ad-eGFP using 1-way ANOVA followed by Tukey's multiple comparison test. D: tempol (10 M) restored GSIS in Ang II-exposed mouse islets. * and #P Ͻ 0.05 vs. 2.8 mM glucose and Ang II ϩ saline group using 2-way ANOVA followed by Bonferroni's post hoc test. satory elements like ACE2. The importance of AT 1 R and ACE2 in the regulation of glycemia has been demonstrated previously by our group (3) and others (11, 25, 28, 35, 40) .
It is intriguing that, despite its presence in the pancreas and its opposition to Ang II effects, endogenous ACE2 is unable to prevent Ang II-mediated ␤-cell dysfunction and the development of T2DM. The reason for ineffectiveness of ACE2 in combating Ang II-mediated hyperglycemia, as observed in this report, is that Ang II exerts an inhibitory effect on ACE2 expression in the pancreas, and so there is not enough ACE2 left in the tissue to exert its beneficial effects against elevated Ang II. We observed that Ang II infusion led not only to hyperglycemia and hyperinsulinemia but also to a reduction in ACE2 expression and activity in the pancreas and the islets of Langerhans. Although this observation is consistent with previous studies indicating the downregulation of ACE2 protein in different tissues during the progression of various diseases (3, 31, 39, 45) , it is important to note that the time frame in this study is different from that in the referred studies that examined ACE2 expression. Indeed, an increase in ACE2 expression and/or activity is usually taking place in the early development (3, 4, 40) of the disease, supposedly as a compensatory mechanism. However, as the pathology progresses, ACE2 expression and/or activity are reduced, illustrating the failure of this compensation (30, 44) . The decrease in ACE2 expression in the islets of Langerhans and reduced pancreatic ACE2 activity following Ang II infusion provided a rationale to study the impact of ACE2 gene therapy in this T2DM-like model. Intrapancreatic treatment with an adenovirus encoding the human ACE2 protein successfully rescued ACE2 expression and activity. In addition, Ad-hACE2 treatment attenuated hyperglycemia, hyperinsulinemia, and C-peptide levels in Ang II-infused mice. The GSIS data suggested that the impairment of GSIS was also corrected in the islets isolated from AdhACE2-treated, Ang II-infused mice (Fig. 4A) , implying the beneficial role of ACE2 in abating detrimental effects of Ang II on ␤-cell function. The main mechanism mediating the therapeutic effects of ACE2 expression is likely the conversion of Ang II by ACE2 to form Ang-(1-7). Previously, we showed the contribution of Ang-(1-7) in the reversal of T2DM in db/db mice (3), and the same mechanism is probably taking place in the present model, although the present study focused only on counteracting Ang II effects. It is important to note that plasma Ang II levels were not affected by pancreas-targeted ACE2 gene therapy. Therefore, a reduction of Ang II levels, if any, would have taken place only locally in the pancreas and eventually in the islets. The ACE2-mediated reduction of AT 1 R expression may be a result of this local reduction of Ang II levels in the islets. Altogether, our data suggest that pancreatic ACE2 improves glucose regulation by modulating RAS in the islets of Ang II-infused mice.
We observed an improvement in insulin sensitivity in AdhACE2-treated mice (Fig. 4, D and E) compared with AdeGFP-injected mice. This could be mediated by Ang-(1-7) since infusion of the heptapeptide has been found to improve insulin sensitivity in fructose-fed rats (17) . Transgenic rats with chronic elevation of plasma Ang-(1-7) levels have also been shown to exhibit enhanced insulin sensitivity (34) . Although we did not see a reduction of plasma Ang II in Ad-hACE2-injected mice, we cannot exclude the possibility of inadvertent expression of hACE2 outside of the pancreas, which might have affected the whole body insulin sensitivity. Therefore, both improved ␤-cell function, as the GSIS data indicate, and increased insulin sensitivity could have contributed toward the beneficial role of pancreatic ACE2 in regulating glycemia.
Beyond the improvement of glucose control by ACE2 gene therapy, our goal was to identify the main mechanisms involved in the beneficial effects of ACE2 treatment. One of the mechanisms by which ACE2 improved glycemia could have been increased blood flow to the pancreas by virtue of its vasodilatory action on blood vessels (30, 42) . The RAS has been shown to regulate blood flow to the pancreas, which in turn affects insulin secretion (6, 7, 19, 38) , and we observed that Ang II-infused mice showed a marked reduction in blood flow to the pancreas compared with controls (Table 1) ; however, to our surprise, there was no change in blood flow between GFP-injected and ACE2-treated, Ang II-infused mice. Thus, we conclude that blood flow is not part of the mechanisms by which ACE2 improves glycemia in this Ang II infusion model. It is possible that the dose of Ad-hACE2 used in this study was insufficient to affect the pancreatic blood vessels. Diminished AT 1 R expression in ␤-cells might be another mechanism whereby ACE2 therapy improves glucose regulation. Indeed, Mitsuishi et al. (27) reported improved glucose tolerance and reduced fasting hyperinsulinemia in mice treated with an AT 1 R blocker, and Tikellis et al. (40) showed reduced expression of AT 1 R, associated with improved ␤-cell morphology, in the islets of fa/fa Zucker diabetic fatty rats treated with RAS blockers. In our study, AT 1 R expression was reduced in the islets and whole pancreas, which may have contributed to the beneficial effects of the ACE2 treatment. We observed that AT 1 R expression was localized mainly in the nucleus in the islets of the pancreata isolated from Ang II-infused mice. The presence of AT 1 R in the nuclear membrane of INS-1E ␤-cells has been reported previously (21) . Although additional experiments confirming the expression of AT 1 R in nuclear fractions are needed, our study may provide the first evidence of the presence of nuclear AT 1 R in the mouse islets. Thus, this study sets the stage for investigation of the physiological role, especially in glucose homeostasis, of nuclear AT 1 R in the ␤-cells in vivo. On the basis of several studies (20, 26, 32) that implicate increased oxidative stress in mediating ␤-cell dysfunction, we also explored the reduction of oxidative stress as a mechanism contributing toward restoring normal glycemia in mice. Indeed, ACE2 treatment reduced the oxidative stress in the pancreas and contributed to improving ␤-cell function. Similar ACE2-mediated reduction of oxidative stress has also been observed in endothelial cells (46) and in the brain by our group (44) . Furthermore, both ACE2 overexpression and the antioxidant tempol prevented Ang II-mediated defects on GSIS in isolated islets (Figs. 4G and 6D) .
In summary, we show that increased plasma Ang II levels and their consequences, such as upregulation of AT 1 R in ␤-cells and increased pancreatic oxidative stress together with downregulation of ACE2 expression and decreased ACE2 activity, lead to impaired glycemic control and ␤-cell dysfunction in mice. ACE2 gene therapy, which rescues ACE2 protein expression and activity in the pancreas and attenuates pancreatic oxidative stress, mitigates Ang II-mediated deleterious effects on glycemia in mice and improves ␤-cell function. It is important to note that these changes occurred in response to normalization of ACE2 protein and activity in the pancreas in Ang II-infused mice and not overexpression to nonphysiological levels. These findings suggest a significant contribution of the RAS in the pancreas and the islets of Langerhans in the regulation of glycemia and provide evidence for the therapeutic potential of ACE2 in combating Ang II-mediated hyperglycemia by counteracting an overactive RAS in the islets. Therefore, therapeutic approaches aimed at restoring endogenous ACE2 activity could be a promising new avenue for the treatment of diabetes.
